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SUMMARY 


PHASE  I 


Forgings  and  extrusions  fabricated  for  Phase  I  showed 
similar  tensile  properties,  FCG  resistance,  and  microstructures, 
regardless  of  Co  content  or  fabrication  practice  (A  vs  ABC 
forging,  or  "Z"  level  for  extrusions).  The  Phase  I  billets 
displayed  lower  FCG  resistance,  particularly  at  high  AK  levels, 
due  to  the  low  degree  of  hot  deformation  received  during  hot 
pressing.  Compared  to  the  7050  control  material.  Phase  I 
extrusions  tested  in  salt  fog  had  somewhat  higher  da/dN  values 
at  low  AK  values.  Above  4  MPa/m,  however,  data  for  the  P/M 
extrusions  fell  mostly  within  the  scatterband  for  commercial 
7050-T76511  extrusions. 


PHASE  II 

FCG  testing  of  Phase  II  materials  showed  that  changes 
in  alloy  chemistry  had  no  significant  effects  on  crack  growth 
rates  in  salt  fog  or  humid  air  over  the  range  of  AK  levels 
studied.  Overaging  the  materials  to  a  lower  strength  T7X2 
temper  measurably  increased  FCG  resistance  of  the  P/M  extrusions. 
Scatter  in  the  data  obtained  for  Phase  II  hand  forgings  prevented 
an  accurate  assessment  of  alloy  chemistry  and  temper  effects 
on  FCG  in  these  materials. 

The  microstructura]  characteristics  in  both  P/M 
and  I/M  materials  were  discussed  in  order  to  analyze  their 
possible  effects  on  FCG  mechanisms.  The  discussion  was  based 
on  a  comparison  of  feature  size  to  monotonic  plastic  zone 
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size  (rp)  at  various  levels  of  AK.  When  rp  was  significantly 
larger  than  the  size  of  the  basic  microstructural  unit,  grain 
or  subgrain  size,  the  material  behaved  as  a  continuum  and 
microstructure  had  virtually  no  effect  on  FCG.  At  lower  levels 
of  AK,  where  rp  was  small,  it  was  felt  that  the  inhomogeneous 
structures  of  I/M  materials  could  act  to  divert  fatigue  cracks 
from  their  macroscopic  growth  direction,  leading  to  lower 
da/dN  values.  The  fine,  uniform  P/M  microstructures,  however, 
offered  no  features  to  divert  the  growing  fatigue  crack, 
and  led  to  higher  observed  crack  growth  rates  at  low  stress 
intensities . 

PHASE  III 

High  residual  stresses  were  mainly  responsible  for 
early  data  which  showed  extremely  slow  FCG  rates  in  P/M  alloys. 
Though  FCG  data  were  established  in  accordance  with  ASTM 
recommended  practice  (E647-78T) ,  failure  to  recognize  influence 
of  residual  stresses  was  shown  to  give  misleading  interpretation 
of  results  in  nonstress-relieved  materials.  The  introduction 
of  crack  closure  concepts  to  the  data  interpretation  brought 
nonstress-relieved  results  more  in  line  with  data  from  stress- 
relieved  materials. 

Comparison  of  CT  specimen  FCG  rates  from  stress- 
relieved  P/M  and  I/M  Phase  III  forgings  indicated  comparable 
FCG  resistance  for  both  materials  at  2.5  MPa^m,  slightly 
better  I/M  resistance  at  intermediate  AK,  and  higher 
resistance  for  P/M  at  AK  levels  greater  than  10  MPa/m. 
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Though  FCG  data  established  by  the  chosen  test  procedure  for 
stress-relieved  forgings  are  more  representative  of  commercial 
product  behavior,  some  caution  is  still  warranted  in  the 
quantitative  ranking  of  P/M  vs  I/M  performance.  Reasons  cited 
for  the  needed  caution  were:  (1)  differences  in  fracture 
surface  morphology  that  result  in  different  AKEFF  in  the  two 
materials  for  identical  applied  AK;  and  (2)  incomplete  residual 
stress  removal  in  stress-relieved  samples. 
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INTRODUCTION 

The  development  of  powder  metallurgy  (P/M)  technology 
at  Alcoa  Laboratories  has  resulted  in  the  production  of  7XXX 
aluminum  alloys  with  superior  combinations  of  strength  and 
corrosion  resistance  compared  to  alloys  produced  by  conventional 
ingot  metallurgy  (I/M)  techniques  (1,2) .  At  equivalent  levels 
of  stress-corrosion  cracking  resistance,  P/M  alloys  have  been 
shown  to  exhibit  equivalent  fracture  toughness,  with  higher 
strength  and  exfoliation  resistance  than  the  high  performance 
I/M  alloys  7050  and  7475  (2,3).  P/M  alloys  CT90  and  CT91  have 
been  developed  as  potential  candidates  for  a  wide  variety  of 
aerospace  applications  including  forgings,  extrusions,  and 
rolled  plate  (4) . 

The  purpose  of  this  AFML-sponsored  investigation  is 
to  determine  the  interrelationships  among  fabrication  practice, 
microstructure,  and  fatigue  crack  growth  resistance  of  high- 
strength  7 XXX  P/M  alloys  similar  to  alloy  CT91  (formerly  MA87) . 
The  original  design  of  the  present  program  was  based  on  data 
generated  by  AFML  Contract  No.  F33615-74-C-5077 .  The  results 
of  this  investigation,  reported  in  AFML  TR-76-60,  showed  that 
hand  forgings  fabricated  by  an  ABC  upset  and  draw  sequence 
exhibited  markedly  slower  fatigue  crack  growth  (FCG)  rates  in 
dry  air  at  cyclic  stress  intensities  below  11  MPa/m  than 
standard  I/M  alloys  such  as  7050  (3) .  Furthermore,  Co  content 
and  fabrication  practice  were  shown  to  affect  FCG  rates  in  P/M 
extrusions  (3) . 
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Initial  results  of  the  present  program  were  unable  to 
reproduce  the  dramatic  improvements  in  FCG  rates  documented  in 
AFML  TR-76-60.  Humid  air  testing  of  P/M  alloys  showed  only 
marginally  slower  FCG  rates  than  I/M  7075.  A  detailed  re- 
evaluation  of  the  fabrication  practices  used  for  the  original 
materials  (AFML  TR-76-60)  revealed  that  the  hand  forgings  had 
not  been  stress-relieved  following  quenching,  and  hence, 
probably  contained  large  residual  quenching  stresses.  The 
compressive  stress-relief  operation  applied  to  the  forgings 
tested  in  the  current  program  were  thought  to  produce  lower, 
and  more  uniform,  residual  stresses.  Consequently,  it  was 
determined  to  redesign  the  program  in  order  to:  (1)  fully 
evaluate  the  effects  of  residual  stresses  on  FCG  rates  in  these 
materials,  and  (2)  study  changes  in  composition  and  alloy  temper 
which  may  yield  improved  FCG  resistance  in  P/M  alloys. 

The  redesigned  program  was  organized  into  three  phases: 
Phase  I,  which  evaluated  effect  of  Co  content  and  distribution; 
Phase  II,  which  studied  effects  of  Zn/Mg  ratio,  Cu  content,  and 
aging  treatment;  and  Phase  III,  designed  to  study  the  effects  of 
residual  stresses  on  FCG  rates  in  hand  forgings.  This  report 
serves  to  describe  the  results  of  the  completed  investigation. 

MATERIALS  AND  PROCEDURE 

POWDER  PREPARATION 

Four  types  of  powders  were  prepared  for  use  in  Phase  I. 
The  first  three  powder  lots  were  prepared  by  air  atomizing  alloy 
melts  with  an  aim  base  composition  of  6.5  wt%  Zn,  2.5  wt%  Mg, 
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and  1.5  wt%  Cu  and  nominal  Co  additions  of  0.0,  0.4,  or  0.8  wt%. 
Average  melt  analyses  for  these  powders  are  shown  in  Table  1. 

The  fourth  powder  lot  was  produced  by  blending  equal  amounts  of 
the  0.0  and  0.8%  Co  powders  to  yield  a  nominal  0.4%  Co  level. 
Particle  size  distributions  from  samples  of  each  powder  lot,  as 
determined  by  a  U.S.  standard  screen  analysis,  and  APD  measure¬ 
ments  from  a  Fisher  Sub-Sieve  Sizer  are  presented  in  Table  2. 

Two  Al-Zn-Mg-Cu-Co  alloy  powder  lots  were  air  atomized 
for  the  second  phase  of  the  program.  The  melt  analyses  and  powder 
size  descriptions  are  shown  in  Tables  1  and  2,  respectively.  These 
alloys  represent  variations  in  zinc  (S493705)  and  copper  (S493706) 
relative  to  the  base  CT91  alloy  composition  of  Al-6.5  Zn-2.5  Mg- 
1.5  Cu-0.4  Co.  All  of  the  alloys  had  a  0.40  weight  percent  nominal 
cobalt  content. 

One  powder  lot  of  the  CT91  composition  without  cobalt 
was  air  atomized  for  Phase  III  of  the  program.  Tables  1  and  2 
show  the  melt  analysis  and  particle  size  information  for  the 
powder.  A  22.9  cm  diameter  ingot  of  the  cobalt-free  CT91  compo¬ 
sition  with  a  Cr  addition  was  cast  using  the  direct  chill  technique. 
The  melt  analysis  of  the  ingot  is  included  in  Table  1.  The  cast 
ingot  was  homogenized  at  471 °C  for  48  hours  prior  to  scalping  to 
18.4  cm  diameter. 

BILLET  COMPACTION 

Portions  of  each  powder  lot  were  cold  isostatically 
pressed  at  207  MPa  in  a  wet  bag  system  to  form  66  Kg  cylindrical 
compacts,  18.7  cm  diameter  by  109.2  cm  long.  Cold  pressed 
density  was  ^75%  of  theoretical. 
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The  cold  compacts  were  encapsulated  in  a  welded  3003 


aluminum  alloy  can  and  preheated  to  521°C  using  a  dynamic  vacuum 
level  of  10  pm  of  Hg.  Total  preheat  cycle  time  ranged  from  7.0 
to  8.0  hr  with  about  1  hr  at  521°C+2.8°C.  At  completion  of  the 
preheat  cycle,  the  compacts  were  removed  from  the  furnace  and 
the  evacuation  lines  were  sealed.  The  compacts  were  then  hot 
pressed  in  a  closed  end  compaction  cylinder  (Figure  1)  at  a 
nominal  axial  pressure  of  621  MPa  which  was  maintained  for  one 
minute.  The  hot  pressed  compacts  were  then  air  cooled  to  room 
temperature  and  scalped  to  18.4  cm  diameter. 

Problems  in  maintaining  vacuum  were  encountered  in  the 
preheat-hot  press  cycle  of  S356454-3.  Consequently,  this  billet 
was  cooled  to  room  temperature,  the  can  rewelded,  and  repreheated. 

One  billet  of  each  Phase  I  composition  was  sectioned 
for  evaluation  in  the  as-hot  pressed  condition.  Two  slabs, 

3.8  cm  thick  and  33  cm  long,  were  removed  as  shown  in  Figure  2. 

The  remaining  billets  were  extruded  or  forged  as  described  below. 
EXTRUSION 

Three  hot  pressed  billets  of  each  composition  were 
extruded  to  a  1.3  cm  x  16.5  cm  cross-section  bar  using  a  23.5  cm 
diameter  extrusion  cylinder.  Extrusion  conditions  corresponded 
to  three  levels  of  temperature  compensated  strain  rate  (Z) , 
namely,  4. 3x10 8 ,  2.5xl010,  and  1.50x10 12  cm/cm-sec.  The  values 
of  Z  were  calculated  from  the  expression: 

•  H 

Z  =  e  exp^. 
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where:  e  *  average  strain  rate, 

H  *  activation  energy  for  self  diffusion, 

R  =  universal  gas  constant, 

T  =  average  billet  temperature. 

The  extrusion  parameters  corresponding  to  the  three  Z 
levels  are  shown  in  Table  3.  The  extrusion  ram  loads  and  dis¬ 
placements  were  continuously  recorded  for  each  extrusion.  Typical 
load  displacement  plots  for  extrusions  at  the  three  Z  levels  are 
shown  in  Figure  3.  Extrusion  press  capacity  limitations  required 
that  the  high  Z  (1.5xl012  cm/cm-sec)  extrusions  be  produced  from 
33  cm  billet  lengths;  therefore,  duplicate  extrusions  were  fabri¬ 
cated  for  each  alloy.  The  remaining  extrusions  were  produced 
from  66  cm  long  billets. 

The  load-displacement  history  for  each  extrusion  was 
examined  to  select  portions  of  each  bar  representative  of  steady- 
state  extrusion. 

One  extrusion  of  the  1.3  cm  x  16.5  cm  cross-section  was 
produced  for  each  of  the  Phase  II  alloys.  Extrusion  conditions 
corresponding  to  the  2.5  x  10 10  cm/cm-sec  temperature  compensated 
strain  rate  were  used. 

FORGING 

Two  hot  pressed  billets  of  each  composition  were  forged 
into  a  5.1  cm  x  17.8  cm  x  99.1  cm  slab  by  both  an  A-upset  and  draw 
and  an  ABC  upset  and  draw  forging  sequence,  as  depicted  in  Figures 
4  and  5.  The  initial  billet  temperatures  were  371°C  with  260°C 
die  temperatures.  The  workpiece  temperature  increased  initially 
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during  upset  forging  to  387°C  and  decayed  to  371°C  at  the  end 
of  the  squaring  operation.  The  workpiece  temperature  continued 
to  decay  to  327 °C  during  draw  forging  to  6.4  cm  for  the  A 
dimension.  The  forgings  were  reheated  to  371°C  prior  to  finish 
forging  to  the  slab  configuration.  Final  workpiece  temperatures 
were  approximately  327°C  at  the  completion  of  forging. 

The  A-upset  and  draw  forging  sequence  was  used  to 
fabricate  each  of  the  Phase  II  alloys  to  the  5.1  cm  x  17.8  cm  x 
99.1  cm  slab  configuration.  Temperature  histories  similar  to  the 
Phase  I  forging  process  were  observed. 

Both  the  P/M  and  I/M  alloys  of  Phase  III  were  forged 
by  the  A-cpset  and  draw  sequence  to  a  10.2  cm  x  15.2  cm  x  55.9  cm 
slab  configuration  (see  Figure  6) .  Processing  temperatures 
comparable  to  that  of  Phase  I  were  used.  Each  forging  was 
sectioned  per  Figure  6  prior  to  final  heat  treatment. 

HEAT  TREATMENT 

Portions  of  each  billet,  slab,  extrusion,  and  forging 
were  solution  heat  treated  2  hr  at  488°C  and  quenched  in  cold 
running  water.  The  billets,  slabs,  and  forgings  were  then  com¬ 
pressed  ''-2.0%  permanent  set  in  the  short  dimension  for  relief 
of  residual  quenching  stresses.  The  extrusions  were  stretched 
^2.0%  permanent  set  in  the  longitudinal  direction  after  quenching, 
also  for  stress  relief.  Each  of  the  products  was  subsequently 
aged  four  days  at  room  temperature  followed  by  artificial  aging 
at  121°C  for  24  hours.  Portions  of  the  products  were  aged  for 
additional  times  at  163 °C  to  bring  them  to  desired  levels  of 
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strength  and  conductivity.  Final  temper  selections  for  the 
forgings  and  extrusions  were  designated  T7X1  for  the  higher 
strength  condition  and  T7X2  for  the  more  overaged  temper  (Table  11). 

Prior  to  solution  heat  treatment  (SHT)  of  the  Phase 
III  materials,  two  3.8  cm  (1.5  in.)  thick  slabs  were  removed  at 
the  short  transverse-longitudinal  plane  of  the  forging,  as  shown 
in  Figure  6.  After  SHT  and  quench,  one  of  the  two  pieces  was 
compressively  stress  relieved  by  3  to  5%  permanent  reduction  in 
the  shortest  dimension  (3.8  cm)  of  the  slab.  Each  slab  was  then 
aged  to  the  T7X1  temper.  With  exception  of  the  stress  relief, 
this  procedure  reproduced  the  fabrication  history  of  the  P/M 
A-upset  and  draw  material  of  the  previous  AFML-sponsored  program  (3) . 
MECHANICAL  PROPERTY  EVALUATION 

In  an  attempt  to  assess  billet  quality,  uniaxial  and 
notched  tensile  properties  of  heat  treated  samples  were  determined 
in  the  radial  direction  of  the  hot-compacted  materials.  Samples 
were  aged  24  hours  at  121°C  +  14  hours  at  163 °C  prior  to  testing. 

The  tensile  tests  were  performed  in  accordance  with  ASTM  E8-69 
using  0.64  cm  diameter  round  specimens.  Notched  tensile 
properties  were  obtained  using  1.27  cm  diameter  round  specimens 
in  accordance  with  ASTM  E602-76-T. 

The  results  of  these  tests  are  shown  in  Table  4.  Only 
one  billet,  356452-4,  developed  an  abnormally  low  NTS/YS  ratio. 

The  poor  toughness  of  this  material  probably  resulted  from  a  loss 
of  vacuum  before  or  during  the  hot  compaction  operation.  This 
billet  was  extruded  and  heat  treated  before  the  test  results  were 
available  and  could  not  be  replaced. 
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Longitudinal  tensile  properties  of  the  billets, 
extrusions,  and  hand  forgings  were  determined  using  0.91  cm 
diameter  round  specimens  as  per  ASTM  E8-69. 

Fatigue  crack  growth  (FCG)  tests  were  performed  using 
center-cracked  specimens  10.2  cm  wide  and  0.64  cm  thick.  Speci¬ 
mens  produced  for  measurement  of  L-T  crack  growth  properties 
were  37.6  cm  in  length  as  shown  in  Figure  7.  T-L  specimens 
were  as  long  as  the  width  of  the  wrought  products:  16.5  cm  for 
the  extrusions  and  17.8  cm  for  the  hand  forgings.  Tests  were 
conducted  under  constant  amplitude  loading  in  salt  fog  or 
high  humidity  (R.H.  >90%)  air.  A  minimum  stress/maximum  stress 
(R)  ratio  of  1/3  was  used  for  all  tests.  Crack  length  was 
measured  either  visually  or  through  the  use  of  continuity-type 
crack  propagation  grids  spaced  0.25  cm  apart.  Crack  lengths 
were  monitored  between  1.02  cm  and  3.3  cm. 

In  order  to  allow  more  efficient  analysis  of  the  Phase 
I  data,  the  raw  crack  length  versus  cycles  (a  vs  N)  data  were 
fitted  using  a  least  squares  cubic  spline  function  with  three 
knot  points.  This  function  allowed  for  the  calculation  of  cyclic 
lives  over  a  given  range  of  crack  growth  and  for  the  determination 
of  FCG  rates  (da/dN) .  Since  different  loading  conditions  were 
used  for  many  of  the  tests  later  in  the  program,  these  data  were 
analyzed  and  reported  as  plots  of  log  da/dN  versus  log  AK,  where 
AK  represents  the  cyclic  stress  intensity  range  during  a  fatigue 
cycle . 
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Experimental  procedures  and  techniques  used  for  the 
determination  of  residual  stresses  and  FCG  data  in  Phase  III  are 
described  in  a  later  section  of  this  report. 

MICROSTRUCTURE 

Microstructures  of  the  finished  products  were  examined 
using  standard  optical  and  transmission  electron  metallographic 
(TEM)  procedures.  For  optical  examination  of  the  wrought  P/M 
products,  an  etchant  of  84.0  ml  H2O,  15.5  ml  HNO3 ,  0.5  ml  HF, 
and  3.0  g  Cr03  was  found  to  be  preferable  to  the  traditionally 
used  Keller's  reagent.  Scanning  electron  microscopy  (SEM)  was 
used  for  examination  of  atomized  powders  and  fatigue  specimen 
fracture  surfaces.  An  automated  X-ray  texture  goniometer  was 
used  to  obtain  data  on  preferred  orientation  in  the  wrought  P/M 
products . 

PHASE  I 

RESULTS 

Tensile  Properties 

Uniaxial  tensile  properties  of  the  billets,  forgings, 
and  extrusions  fabricated  for  Phase  I  are  shown  in  Tables  5,  6, 
and  7,  respectively.  Average  yield  and  tensile  strengths  for 
the  hot-pressed  billets  and  hand  forgings  were  approximately 
equal.  Ductility  values,  as  evidenced  by  both  elongation  and 
R.A.,  were  significantly  higher  for  the  hand  forgings  than 
for  the  billets.  Average  strengths  for  the  extrusions  were 
41  to  55  MPa  (6-8  ksi)  higher  than  for  the  forgings  or  billets. 

Co  content,  forging  sequence  (A  vs  ABC) ,  or  extrusion  parameters, 
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as  measured  by  "Z,"  did  not  appear  to  affect  strength  or 
ductility  of  the  P/M  materials. 

Fatigue  Crack  Growth 

Initial  results  of  Phase  I  FCG  tests  in  humid  air 
covered  cyclic  stress  intensity  ranges  (A K)  from  approximately 
6  to  15  MPa/m.  Since  these  test  conditions  produced  unexpectedly 
high  FCG  rates  (>10-5  cm/cycle),  loads  were  reduced  for  subsequent 
testing  of  Phase  I  materials.  These  tests  employed  lower  ap¬ 
plied  AK  values  and  resulted  in  FCG  rates  in  the  range  of  10-5  to 
10~3  cm/cycle. 

Results  of  the  humid  air  FCG  tests  are  summarized  in 
Tables  8  through  10.  Crack  length  versus  number  of  cycles  for 
individual  tests  are  shown  in  Appendix  I.  These  data  show  that 
no  significant  differences  in  FCG  resistance  existed  among  the 
forgings  or  extrusions  fabricated  in  the  program.  The  cyclic 
lives  of  the  billets  tended  to  decrease  with  increasing  Co 
content  and  were ,  on  average,  significantly  shorter  than  lives 
for  the  forgings  or  extrusions. 

Figures  8  and  9  show  FCG  results  for  Phase  I  materials 
tested  in  a  salt  fog  environment.  In  these  tests,  changes  in  Co 
content  had  no  significant  effect  on  FCG  resistance  of  A  upset 
and  draw  hand  forgings  (Figure  8)  or  medium  Z  extrusions  (Figure 
9) .  No  salt  fog  FCG  testing  of  Phase  I  billlets  was  performed. 
Results  of  FCG  tests  of  T-L  specimens  taken  from  alloys  356453 
(0.4  Co)  and  356454  (0.8  Co)  are  shown  in  Figures  10  ("A"  hand 
forgings)  and  11  (medium  Z  extrusions) . 
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Scanning  electron  micrographs  of  typical  CT91  atomized 
powder  particles  are  shown  in  Figure  12.  The  as-atomized  powders 
were  fine  (APD  ^13  urn)  and  irregular  in  shape.  Extremely  fine 
dendritic  structures  were  produced  during  solidification  of  these 
powders  as  shown  by  the  optical  microstructures  in  Figure  13 . 

The  dendrite  arm  spacings  (^0.5  ym)  generally  observed  in  the 
atomized  powders  produced  in  this  program  are  indicative  of 
cooling  rates  in  the  105-106 °C/sec  range  (5). 

Consolidation  and  subsequent  fabrication  of  the  atomized 
powders  resulted  in  products  with  extremely  fine  microstructures 
such  as  those  shown  in  Figures  14  through  30.  The  structures  of 
the  billets.  Figures  14  through  17,  were  considerably  coarser 
than  those  of  the  wrought  products,  showing  evidence  of  prior 
powder  particle  boundaries  in  the  hot-pressed  condition.  The 
forgings  and  extrusions  were  mostly  unrecrystallized ,  with 
extremely  fine,  elongated  structural  features.  The  dimensions 
of  these  features  were  1-5  ym  in  the  ST  direction,  up  to  30  ym 
in  the  LT  direction,  and  varied  widely  in  the  longitudinal 
direction. 

The  microstructures  of  the  hand  forgings  were  relatively 
nonuniform  and  exhibited  more  variability  than  seen  for  the 
extrusions.  The  structures  of  the  A-upset  and  draw  forgings  were 
considerably  finer  as  Co  content  increased  from  0.0  to  0.8  percent. 
Evidence  of  recrystallization  was  seen  in  some  of  the  lower  Co 
forgings,  e.g..  Figures  18  and  21.  The  microstructures  of  the 
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medium  Z  extrusions  were  fine  and  uniform,  making  it  extremely 
difficu]t  to  distinguish  between  grains  and  subgrains  at 
optical  magnifications.  Increasing  Co  content  from  0.0  to  0.8 
percent  produced  finer  structures.  However,  the  effect  was  not 
as  pronounced  as  observed  for  the  "A"  type  hand  forgings.  Figure 
30  shows  that  temperature-compensated  strain  rate  (Z)  also 
affected  the  structures  of  the  P/M  extrusions.  The  low  Z 
extrusions  consistently  had  coarser  microstructures  than  the  high 
Z  materials,  regardless  of  Co  content  or  distribution.  The  fine 
microstructures  of  these  materials  again  made  it  difficult  to 
determine  the  exact  nature  of  these  structural  differences.  Such 
observations  probably  reflect  either  an  increased  amount  of  re¬ 
crystallization  or  a  different  type  of  recovered  substructure  in 
extrusions  fabricated  at  the  higher  extrusion  temperature  (low  Z) . 

Typical  structures  observed  by  TEM  of  the  Phase  I 
wrought  products  in  the  T7X1  temper  are  shown  in  Figure  31. 

Readily  apparent  in  these  micrographs  are  C02AI9  particles, 
oxides,  and  strengthening  precipitates.  The  C02AI9  particles 
were  spherical,  generally  0.1-0. 5  ym  in  diameter.  The  distri¬ 
bution  of  small  (  <0.1  ym)  oxides  was  observed  to  be  very 
inhomogeneous  with  particles  often  appearing  clumped  together 
or  arranged  as  stringers.  Dislocation  debris  was  often  seen 
in  areas  where  large  densities  of  oxides  were  present. 

Pole  figures  obtained  for  the  CT91  materials  are  shown 
in  Figure  32  through  36.  The  P/M  billet  exhibited  no  discernible 
preferred  orientation,  as  shown  in  Figure  32.  However,  both  P/M 
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forgings.  Figures  33  and  34,  showed  some  degree  of  preferred 
orientation  (probably  cube)  and  the  ABC  forging  seemed  to 
develop  a  slightly  sharper  texture  than  the  A  forging.  The 
CT91  extrusions.  Figures  35  and  36,  showed  a  (110)  [112"] 
texture  typical  of  unrecrystallized  structures  often  observed 
in  wrought  7 XXX  I/M  alloys.  The  temperature-compensated 
strain  rate,  Z,  did  not  produce  major  differences  in  texture 
of  the  CT91  extrusions. 

DISCUSSION 

The  forgings  and  extrusions  tested  in  Phase  I  exhibited 
similar  FCG  resistance,  while  the  billets  showed  faster  crack 
growth  rates,  particularly  at  higher  AK  levels.  The  poor  FCG 
resistance  of  the  hot-pressed  billets  is  probably  related  to  the 
coarse  microstructures  and  relatively  low  toughness  of  these 
materials.  Comparison  of  Figures  14  through  17  shows  that  the 
billets  received  considerably  less  hot  deformation  than  either 
the  hand  forgings  or  extrusions.  Powder  particle  boundaries 
are  still  evident  in  the  billet  structure.  Figure  14,  but  were 
completely  eliminated  in  the  wrought  products.  The  more  highly 
worked  structures  of  the  forgings  and  extrusions  resulted  in 
higher  ductility,  increased  toughness,  and  improved  FCG  resistance 
relative  to  the  P/M  billets.  Previous  work  has  also  reported 
similar  improvements  in  ductility  and  fracture  properties  of 
P/M  materials  with  increased  amounts  of  hot  deformation  (3,6). 

The  tensile  and  FCG  results  for  the  wrought  products 
showed  a  marked  insensitivity  to  the  changes  in  Co  level  and 
different  fabricating  practices  used  in  Phase  I.  Humid  air  FCG 
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resistance  of  the  A-upset  and  draw  hand  forgings,  when  calculated 
on  the  basis  of  the  cubic  spline  fit,  Table  9,  was  increased 
somewhat  by  increasing  Co  content.  However,  this  improvement 
was  observed  only  in  these  initial  tests  at  high  AK  levels  and 
was  not  reflected  in  da/dN-AK  data  obtained  in  subsequent  tests. 
Figures  8  through  11  show  no  clear-cut  effect  of  Co  content  on 
FCG  of  the  wrought  materials  in  either  humid  air  or  salt  fog. 

The  similarity  in  FCG  resistance  of  Phase  I  materials 
is  probably  related  to  the  relatively  small  differences  in 
microstructure  noted  during  the  metallographic  examinations. 

The  effects  of  microstructure  on  FCG  resistance  of  the  P/M 
materials  will  be  discussed  in  more  detail  in  a  separate  section 
dealing  with  the  development  of  structure  in  P/M  alloys.  This 
topic  will  be  discussed  in  conjunction  with  the  results  of 
Phase  II. 

PHASE  II 

RESULTS 


Tensile  Properties 

An  aging  study  was  conducted  to  select  appropriate 
tempers  (T7X1  and  T7X2)  for  Phase  II  materials.  Hardness  and 
electrical  conductivity  (EC)  measurements  were  made  on  specimens 
of  CT91  (S-356453 )  ,  MA88  (S-493706)  ,  and  MA90  (S-493705)  ex¬ 
trusions.  The  specimens  were  aged  for  various  times  at  163°C 
after  an  initial  aging  step  of  24  hours  at  121°C.  Results  of 
Rockwell  B  hardness  tests,  Figure  37,  and  EC,  Figure  38,  show 
that  alloy  chemistry  affected  precipitation  kinetics  in  the 
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three  alloys.  Final  aging  practices  were  selected  in  an  attempt 
to  produce  similar  yield  strengths  for  the  three  alloys  in  the 
T7X1  and  T7X2  tempers.  Tensile  properties  obtained  in  the  aging 
study  are  shown  in  Table  11.  The  results  of  tensile  tests  of 
T7X1  and  T7X2  materials  after  final  temper  selection  are  listed 
in  Table  12.  Also  included  in  Table  12  are  tensile  properties 
for  a  7050-T76511  extrusion,  which  was  tested  as  an  I/M  control 
for  the  Phase  II  FCG  tests. 

Fatigue  Crack  Growth 

Results  of  the  Phase  II  humid  air  FCG  tests  of  P/M 
hand  forgings  and  extrusions  are  shown  in  Figures  39  and  40. 

Salt  fog  test  results  for  the  experimental  materials  are  plotted 
in  Figures  41  and  42.  Results  of  FCG  tests  for  the  7050-T76511 
control  material  are  included  in  Figures  40  and  42  for  comparison 
The  FCG  results  for  the  P/M  extrusions  are  also  compared  to 
scatterbands  of  data  for  commercial  7050  extrusions  obtained  in 
previous  investigations  (7,8).  Overaging  the  P/M  alloys  to  the 
T7X2  temper  generally  improved  FCG  resistance,  particularly  in 
the  extrusions. 

At  AK  levels  from  4  to  10  MPa/m,  FCG  rates  of  the  P/M 
extrusions  aged  to  the  T7X2  temper  were  quite  similar  to  those 
of  7050-T76511.  Alloy  chemistry  generally  had  little  effect  on 
FCG  resistance  of  the  Phase  II  extrusions,  as  evidenced  by  the 
similarity  of  data  for  the  alloys  aged  to  similar  strength  levels 
*  The  MA88-T7X1  extrusion,  however,  had  poorer  FCG  resistance  than 

the  other  two  alloys  when  tested  in  high  humidity  air  (Figure  40) 
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Due  to  a  considerable  amount  of  scatter  in  FCG  data  obtained  for 
the  hand  forgings,  firm  conclusions  cannot  be  drawn  regarding 
effects  of  alloy  chemistry  or  overaging  on  the  FCG  resistance 
of  these  materials.  A  possible  explanation  for  the  scatter  in 
the  hand  forging  data  will  be  discussed  in  the  "DISCUSSION" 
section  of  this  report. 

Microstructure 

Optical  micrographs  of  the  structures  of  the  MA88  and  MA90 
wrought  products  fabricated  in  the  Phase  II  investigation  are 
shown  in  Figures  43  through  46.  The  microstructure  of  the  hand 
forgings.  Figures  43  and  44,  and  extrusions.  Figures  45  and  46, 
were  quite  similar  to  those  of  the  CT91  products  described 
earlier.  Figure  47  shows  a  typical  microstructure  of  the 
7050-T76511  control  material  tested  in  Phase  II. 

Fractography 

The  FCG  fracture  surfaces  of  the  P/M  extrusions  and  the 
7050  control  materials  were  examined  using  optical  metallography 
and  SEM.  The  P/M  specimens  exhibited  rather  smooth,  featureless 
fractures  on  a  macroscopic  level.  By  contrast,  the  7050  fracture 
surfaces  were  rough  and  faceted  in  appearance.  An  optical  com¬ 
parison  of  the  fracture  appearances  is  shown  in  Figure  48. 
Scanning  electron  micrographs.  Figures  49  through  51,  confirm 
the  macroscopic  observations .  The  P/M  FCG  fracture  surfaces  are 
smooth,  with  little  evidence  of  plateaus,  ledges,  or  secondary 
cracking  typically  found  in  I/M  materials.  The  7050  specimen, 
Figure  51,  showed  a  much  rougher,  more  tortuous  fracture  appear¬ 
ance  than  observed  for  FCG  specimens  of  the  P/M  materials. 
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DISCUSSION 

The  lack  of  noticeable  alloy  chemistry  effects  on  FCG 
resistance  of  the  Phase  II  materials  is  probably  related  to  the 
overriding  effect  of  the  fine,  uniform  structure  in  these  alloys. 
Though  increasing  Cu  content,  MA88  vs  CT91,  has  been  shown  to 
increase  FCG  resistance  of  I/M  alloys  (9,10),  this  result  was 
not  found  for  the  P/M  alloys  in  the  tempers  selected  for  the 
present  study.  Alloy  MA88  showed  no  advantage  in  FCG  resistance 
compared  to  CT91,  particularly  in  the  higher  strength  temper 
(Figure  40) .  The  beneficial  effects  of  overaging  to  a  T7X2 
temper  on  FCG  resistance  were  similar  to  those  reported  previously 
for  I/M  alloys  (9) .  Overaging  the  P/M  materials  results  in  de¬ 
creased  sensitivity  to  environmental  effects  on  FCG  and  increased 
resistance  to  plastic  strains,  i.e.,  a  larger  plastic  zone  size. 

The  considerable  amount  of  scatter  observed  in  the  FCG 
data  obtained  for  the  hand  forgings  prevents  any  definite  con¬ 
clusions  regarding  the  effects  of  alloy  chemistry  on  overaging. 

The  reason  for  this  lack  of  consistency  in  the  hand  forging  FCG 
data  may  be  due  to  the  nature  of  the  processing  received  by  such 
products.  Nonuniform  grain  flow  in  forgings  often  results  in 
large  variability  in  microstructure  and  mechanical  properties 
of  these  materials.  Differences  in  grain  size,  shape,  and  pre¬ 
ferred  orientation  in  different  locations  of  the  forgings  could 
have  affected  the  response  of  the  forgings  to  FCG.  A  possibly 
more  important  source  of  variability  of  properties  in  these 
materials  is  the  compressive  residual  stress  operation  experienced 


by  the  hand  forgings.  Even  though  the  quenching  stresses  were 
relieved  to  some  extent  by  the  application  of  2-3%  compression, 
measurable  residual  stresses  are  generally  encountered  in  such 
forgings  (See  Phase  III  RESULTS).  Furthermore,  compressive 
stress  relief  does  not  necessarily  eliminate  residual  stresses 
in  all  directions  of  the  product. 

An  examination  of  the  a  vs  N  data  for  FOG  samples  from 
the  forgings  showed  that  the  growth  of  the  fatigue  crack  was  not 
uniform  from  both  sides  of  the  notch  in  the  CCT  specimens.  Figure 
7.  At  fracture,  differences  of  up  to  1.8  cm  (0.75  in.)  were 
noted  in  the  length  of  the  cracks  on  either  side  of  the  notch. 
This  eccentricity  of  the  cracks  at  fracture ,  reported  in  Table 
13,  was  not  observed  in  the  a  vs  N  data  for  the  extrusions. 

Even  though  this  type  of  eccentric  crack  growth  behavior  does 
not  violate  a  specific  ASTM  test  standard,  it  is  known  to  have 
an  effect  on  the  effective  stress  intensity  level  in  CCT 
specimens  (11).  Since  the  extent  of  eccentricity  varied  widely 
from  specimen  to  specimen,  it  appears  likely  that  residual 
stress  patterns  in  the  specimens  taken  from  the  hand  forgings 
are  responsible  for  the  nonuniform  crack  growth  and  variability 
in  the  FCG  data.  Consequently,  any  interpretation  of  alloy  or 
temper  effects  on  FCG  of  the  hand  forgings  is  not  warranted  on 
the  basis  of  the  data  presented  in  Figures  39  and  41. 

In  light  of  the  FCG  data  obtained  in  both  Phase  I  and 
II  of  the  present  investigation,  the  dominant  factor  in  deter¬ 
mining  FCG  resistance  of  these  alloys  is  the  fine,  uniform 
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microstructure  produced  by  P/M  processing.  It  seems  evident 

that  the  FCG  process  in  P/M  alloys  must  be  related  to  structural 

features  by  similar  mechanisms  to  those  determined  for  I/M 

materials  (9,10).  A  brief  discussion  will  be  undertaken  to 

contrast  the  development  of  microstructures  in  I/M  and  P/M 

materials  and  to  explain  how  the  structures  of  the  wrought 

products  may  differ  in  their  resistance  to  fatigue  crack  growth. 

Microstructure  and  FCG  Resistance  of  High-Strength 
7 XXX  Alloys _ 

The  structures  observed  in  the  wrought  P/M  products 
have  their  origins  in  the  rapidly  solidified  powders  shown  in 
Figures  12  and  13.  The  fine  particle  size  (13  pm,  APD)  and 
irregular  shape  of  these  powders  are  beneficial  to  the  compaction 
and  densif ication  of  the  P/M  materials  (3) ,  allowing  for  the 
attainment  of  100%  density  after  vacuum  hot  compaction.  Further 
hot  work  produces  recovered  structures,  e.g.,  Figures  18-30,  with 
microstructural  features  in  the  1-5  pm  range. 

A  second  effect  of  P/M  processing  is  the  suppression 
of  constituent  particle  formation  by  the  high  solidification  rates 
during  atomizing.  Large  (up  to  30  pm)  insoluble  constituents, 
such  as  AlyCuaFe  or  Mg2Si,  are  formed  during  casting  of  com¬ 
mercial  purity  I/M  alloys.  These  large  particles,  known  to  be 
detrimental  to  toughness  and,  hence,  high  Ar  FCG  resistance  in 
high  strength  7XXX  alloys  (9,10) ,  are  not  normally  observed  in 
the  P/M  materials.  A  more  subtle  effect  of  the  lack  of  con¬ 
stituents  in  P/M  alloys  may  be  reflected  in  their  lack  of 
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sensitivity  to  the  processing  variations  of  the  present  in¬ 
vestigation.  An  ongoing  program  has  shown  that  constituent 
particles  play  an  important  role  in  the  response  of  I/M  alloys 
to  thermomechanical  processing  (12)  .  The  absence  of  large 
constituents  coupled  with  the  presence  of  fine  oxides,  probably 
overrides  to  some  extent  the  effects  of  Co  content  or  processing 
variations  on  the  microstructures  of  P/M  wrought  products.  It 
should  be  remembered,  however,  that  a  certain  minimum  amount  of 
hot  work  is  necessary  for  the  development  of  fine  structures  as 
shown  by  the  relatively  coarse  structures  of  the  hot-pressed 
billets.  Additionally,  more  severe  degrees  of  deformation 
processing,  e.g.,  low  temperature/high  reduction  rolling  practices 
would  probably  result  in  significant  recrystallization  and  much 
coarser  grain  structures  (13) . 

Though  the  role  of  oxides  in  the  development  of  micro¬ 
structure  in  P/M  materials  is  not  clearly  understood  at  present, 
these  particles  seem  to  be  important  in  maintaining  fine  subgrain 
structures  in  P/M  wrought  products.  The  TEM  evidence.  Figure  31, 
suggests  that  the  oxides  serve  to  pin  dislocations  and  subgrain 
boundaries.  This  observation  is  supported  by  previous  work  on 
SAP  materials  (14)  and  mechanically  alloyed  products  (15) .  The 
fact  that  the  oxide  distribution  is  quite  nonhomogeneous 
probably  contributes,  in  part,  to  the  highly  variable  structural 
size  observed  in  some  of  the  Co-free  wrought  products,  e.g.. 

Figure  18. 
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The  important  features  of  the  P/M  microstructures 
relative  to  the  present  FCG  investigation  are  summarized  below: 

1.  Fine,  mostly  unrecrystallized  structures. 

2.  Grain/subgrain  size  -  1  to  5  ym. 

3.  No  coarse  constituent  particles. 

4.  Fine,  inhomogeneous  distribution  of  oxides  and 
C02AI9 . 

5.  Structure  somewhat  insensitive  to  Co  content, 
processing . 

By  contrast,  the  structure  of  a  typical  I/M  wrought  material  such 

as  the  7050-T76511  extrusion  shown  in  Figure  47  is  described  as: 

1 

1.  Partially  recrystallized  structure. 

2.  Duplex  structure  with  fine  subgrains  (^5  um)  and 
larger  recrystallized  grains  which  may  be  greater 
than  200  ym  in  the  extrusion  direction. 

3.  Constituent  particles  (approximately  1  vol.%) 
generally  2-20  ym  in  size. 

4.  Structure  variable  with  processing  conditions. 

» 

A  comparison  of  the  FCG  behavior  of  these  two  materials  may  be 
made  in  terms  of  these  microstructural  features  and  fractogrphic 
observations  of  FCG  specimens. 

In  an  attempt  to  understand  the  FCG  behavior  of  high 
strength  7 XXX  alloys,  the  monotonic  plastic  zone  size  (r  ) 

r 

relative  to  pertinent  structural  features  should  be  taken  into 

account  (16) .  The  value  of  r  depends  on  yield  strength,  K  , 

p  max 

and  the1  state  of  stress  (plane  stress/plane  strain  conditions) 
experienced  by  the  specimen.  An  estimate  of  r  may  be  calculated 

r 

according  to  the  equation  below: 
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i  a 

r  _  1  max 

P  6tt  a 

ys 

where:  =  monotonic  plastic  zone  size, 

Kmax  =  max;*-mum  stress  intensity  during  a  fatigue  cycle, 

OyS  =  yield  strength. 

Values  of  r  (plane  strain)  calculated  for  AK  levels  of  interest 
in  the  present  investigation  are  listed  in  Table  14.  Figure  52 
serves  to  illustrate  the  magnitude  of  change  in  r^  at  various 
levels  of  aK. 

When  values  of  r^  are  significantly  greater  than  a  given 
microstructural  feature,  e.g.,  grain  size,  interparticle  spacing, 
that  feature  should  have  relatively  little  effect  on  FCG  resistance. 
The  microstructure  essentially  behaves  as  a  continuum,  obeying 
relationships  calculated  from  linear  elastic  fracture  mechanics 
(LEFM) .  The  micrographs  in  Figure  53  suggest  that,  even  at  AK 
levels  as  low  as  3.0  MPa/m,  the  P/M  microstructures  are  signifi¬ 
cantly  finer  than  the  monotonic  plastic  zone  size.  By  contrast, 
some  of  the  larger  recrystallized  grains  in  the  7050  extrusion 

(Figure  53(b))  are  considerably  larger  than  r  in  the  low  aK 

P 


regime . 


This  type  of  analysis  may  be  used  to  explain  the  observed 


FCG  behavior  of  P/M  and  I/M  materials.  At  low  AK  levels,  where 

r  values  are  small,  large  grains  (17)  or  constituent  particles  (18) 
P 

may  serve  to  divert  cracks  from  the  preferred  crack  growth  path 
normal  to  the  applied  stress.  In  large-grained  I/M  materials, 


crystallographic  crack  growth  may  serve  to  significantly  reduce 
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measured  FCG  rates  at  low  AK  levels  (10) .  The  fine  structures  of 


the  P/M  materials,  however,  are  still  small  relative  to  r  and 

t' 

offer  no  features  to  divert  the  crack  from  the  macroscopic  growth 
direction.  Consequently,  somewhat  higher  FCG  rates  were  measured 
for  the  P/M  materials  below  ^5  MPa/m.  At  higher  stress  intensity 
levels,  where  r  values  are  larger,  both  P/M  and  I/M  microstructures 

It 

act  as  a  continuum  and  display  similar  FCG  rates.  This  observation 
is  in  agreement  with  previous  work  which  has  shown  that  7XXX  I/M 
alloys  are  relatively  insensitive  to  microstructural  changes  at 
intermediate  (5-15  MPa/m)  AK  levels  (9) .  Recent  attempts  to 
develop  predictive  microstructural FCG  relationships  have  also 
shown  that  a  reduction  in  grain  size  is  generally  detrimental  to 
the  crack  growth  resistance  of  high-strength  structural  alloys  (19) . 

The  f ractographic  observations  of  Figure  48  through  51 
support  the  above  analysis  of  microstructural  effects  on  FCG  of 
P/M  and  I/M  materials.  The  P/M  fracture  surfaces  are  relatively 
smooth  and  featureless  over  the  range  of  AK  examined,  with  no 
evidence  of  diversion  from  the  crack  growth  direction.  The  7050 
fracture  surface.  Figure  51,  is  rather  tortuous  in  appearance 
with  evidence  of  secondary  cracking  and  local  deviations  in  crack 
path.  This  type  of  fracture  morphology  would  be  expected  to 
result  in  slower  FCG  rates,  particularly  at  low  stress  intensities. 

More  detailed  fract.ography  is  necessary  to  properly 
determine  the  complex  interrelationships  between  the  various 
microstructural  features  of  P/M  materials  and  FCG  mechanisms. 


23 


Such  a  fundamental  analysis  is  beyond  the  scope  of  the  present 
investigation,  but  is  being  pursued  by  various  university  research 
programs  (20-22) .  More  complete  evaluations  of  the  roles  played 
by  oxides,  Co2Alg ,  and  the  fine  grain  and  subgrain  structures  in 
controlling  the  accumulation  of  fatigue  damage  and  local  fracture 
processes  will  aid  in  the  production  of  improved  fatigue-resistant 
P/M  aluminum  alloys. 
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PHASE  III  -  EFFECT  OF  RESIDUAL  STRESS  ON 
FATIGUE  CRACK  GROWTH  OF  7XXX 

_ P/M  ALLOY _ 

BACKGROUND 

Early  research  aimed  at  understanding  of  metallurgical 
variables  affecting  the  mechanical  properties  of  P/M  alloys 
pointed  to  their  extremely  attractive  FCG  resistance.  In  this 
work  large  decreases  in  FCG  rates  (da/dN)  at  low  and  intermediate 
cyclic  stress  intensity  factor  (AK)  were  demonstrated  on  several 
occasions . 

A  program  conducted  for  the  Air  Force  Materials  Laboratory 
(AFML)  characterized  short-transverse*  FCG  rates  of  MA87  alloy  and 
several  of  its  variants  (3)  .  Plots  of  da/dN  vs  AK  established  from 
compact  type  (CT)  specimen  tests  indicated  that  certain  processing 
variants  produced  FCG  rates  about  an  order  of  magnitude  slower  than 
commercial  high  strength  I/M  alloys.  Figure  54.  Subsequent  work 
at  AFML  verified  the  slow  FCG  rates  with  CT  specimens  cut  from 
the  same  P/M  forgings  (23) .  The  improved  FCG  resistance  appeared 
to  be  a  function  of  interactions  between  fabricating  practice  and 
dispersed  phases  in  the  alloy  microstructure.  However,  the  data 
were  somewhat  erratic,  and  it  was  not  clear  which  metallurgical 
variables  were  responsible  for  the  excellent  FCG  resistance.** 

The  present  AFML  sponsored  program  was,  therefore,  undertaken  to 
determine  the  interrelationship  among  fabrication  practices, 

*S-L  orientation  per  ASTM  Standard  Method  E399-78. 

**In  some  CT  specimens  the  fracture  path  deviated  from  a  plane 
normal  to  the  direction  of  loading  with  increasing  crack  extension. 
The  magnitude  of  the  deviation  varied  with  specimen. 
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microstructure  and  FCG  resistance  of  high  strength  7XXX  P/M 
alloys  similar  to  CT91  (formerly  MA87) . 


Initial  FCG  results  of  the  present  program  were  unable 
to  reproduce  the  dramatic  improvements  in  FCG  resistance  demon¬ 
strated  in  the  earlier  Reference  3.  Humid  air  testing  of  P/M 
alloys  showed  only  marginally  slower  FCG  rates  than  I/M  7075. 

None  of  the  P/M  alloys  tested  showed  equivalent  FCG  resistance  to 
I/M  7050.  These  results  were  totally  unexpected  and  in  direct 
conflict  with  results  of  previous  AFML- sponsored  work  and 
internal  Alcoa  results. 

Because  of  the  observed  discrepancies,  the  FCG  test 
procedures  employed  in  current  work  were  re-examined  and  found 
to  be  in  perfect  order.  Growth  rates  established  from  replicate 
specimens  of  Phase  I  materials  were  demonstrated  to  be  highly 
reproducible.  A  detailed  reevaluation  of  the  fabrication  practices 
for  original  materials  in  Reference  3  revealed  that  the  hand 
forgings  had  not  been  stress  relieved  following  quenching  and, 
hence,  probably  contained  large  residual  stresses.  The  compressive 
stress  relief  operation  applied  to  forgings  tested  in  the  current 
program  should  produce  a  lower  magnitude,  and  more  uniform, 
residual  stress  state.* 

Other  early  P/M  FCG  testing  at  Alcoa  Laboratories  was 
conducted  on  laboratory  scaled,  nonstress-relieved,  extruded  rod  (24) 

*The  plane  of  fracture  in  stress-relieved  FCG  specimens  was 
typically  normal  to  the  loading  direction,  as  expected. 


Longitudinal  single  edge  notched  (SEN)  specimens  from  these  rods 
suggested  high  FCG  resistance.  After  the  question  of  residual 
stress  was  raised,  it  was  decided  to  test  an  alternate  center 
crack  tension  (CCT)  specimen  configuration  for  identical  material. 
The  distribution  of  quenching  residual  stresses  in  the  extruded 
P/M  rod  was  assumed  similar  to  those  measured  in  a  quenched 
7075-T6  cylinder.  Figure  55.  This  distribution  of  residual 
stresses  was  hypothesized  as  being  largely  responsible  for  the 
different  FCG  rates  observed  in  the  two  specimen  types  removed 
from  identical  P/M  material.  Figure  56.  For  the  SEN  specimen, 
residual  stresses  normal  to  the  crack  plane  were  initially  in 
compression  and  initial  FCG  rates  were  slower  than  those  of  the 
CCT  specimen,  where  residual  stress  normal  to  the  crack  plane  is 
tensile . 

Because  of  the  confoundinq  of  early  data  by  residual 
stress,  and  incomplete  information  regarding  specimen  location 
and  residua]  stress  distributions,  the  superior  P/M  FCG  resistance 
observed  in  the  early  work  could  not  be  confirmed  or  refuted. 

It  was,  therefore,  proposed  that  this  investigation  be  conducted 
with  the  goal  of  (1)  reproducing  the  original  good  FCG  resistance 
of  Reference  3  and  (2)  evaluating  the  effect  of  residual  stress 
on  FCG  measurement. 

EXPERIMENTATION 

Residual  stress  and  mechanical  properties  were  determined 
for  the  four  material  conditions,  viz,  P/M  and  I/M  with  and  with¬ 
out  stress  relief.  The  location  of  test  specimens  and  surface 
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X-ray  residual  stress  measurements  made  on  the  parent  slab  are 
indicated  in  Figure  57. 

For  each  material  condition,  the  following  tests  were 
conducted  according  to  the  designated  ASTM  standard  test 


practice 

Quantity 

(25)  . 

Type  of  Test 

Specimen  Type 

ASTM 

Practice 

2 

Tensile 

6.35  mm  (1/4  in.)  dia. 

E-8 

2 

Cylindrical  Notch 
Tensile 

12.7  mm  (1/2  in.)  dia. 

E602-76T 

1 

Fracture  Tough¬ 
ness 

CT  Specimen 

38.1  mm  (1-1/2  in.)  Thk. 

E399 

3 

FCG  Rate 

CT  Specimen 

6.35  mm  (1/4  in.)  Thk. 

E647-78T 

Specimen  locations,  Figure  57,  and  test  parameters  were 
selected  to  replicate  test  conditions  studied  in  Reference  3. 

The  FCG  tests  were  conducted  in  dry  air  (relative  humidity  <10%) 
at  stress  ratio  (R)  equal  to  1/3.  All  other  tests  were  conducted 
in  ambient  air.  Compact  FCG  specimens  were  removed  from  material 
at  the  mid-thickness  (T/2)  plane  and  both  surfaces  of  the  parent 
slab  to  check  whether  possible  nonsymmetry  of  grain  flow  or 
residual  stress  in  the  parent  slab  influence  test  results. 

To  better  quantify  effect  of  residual  stress  on  FCG 
measurement,  residual  stresses  in  FCG  specimens  were  established 
by  the  X-ray  method  prior  to  testing.  The  location  and  stress 
orientation  of  these  measurements  are  indicated  in  Figure  58. 

The  X-ray  measurements  obtained  in  the  original  parent  slab  and 
test  specimens  were  analyzed  statistically.  Residual  stress 
indications  were  determined  to  be  reproducible  with  +  28  MPa 
(4  ksi)  at  the  95%  confidence  level.  Main  and  interaction  effects 
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of  material  type,  state  of  stress  relief,  stress  orientation,  and 
measurement  location  were  identified  using  the  Yates'  algorithm 
supplemented  by  genera]  linear  modeling  techniques.  Statements 
of  significance,  unless  otherwise  stated,  are  at  the  95%  confidence 
level. 

Crack  propagation  rates  (da/dN)  were  determined  from 
visual  crack  length  measurements .  A  crack  opening  displacement 
(COD)  gauge  was  used  to  monitor  compliance  change  with  crack 
extension  in  FCG  specimens  removed  from  the  T/2  and  one  surface 
plane  of  each  material  condition.  A  crack  opening  load  (P  ) 
was  estimated  from  the  load-COD  trace  obtained  in  the  instrumented 
tests,  as  in  Figure  59.  The  opening  load  is  required  to  offset 
compression  at  the  crack  tip  caused  by  the  superposition  of 
clamping  forces  attributed  to  residual  stress  in  the  bulk  material 
and  forces  caused  by  wedging  action  of  residual  deformation  left 
in  the  wake  of  the  propagating  crack,  as  described  by  Elber  (26) . 
The  residual  stress  influence  on  da/dN  can,  therefore,  be  evaluated 
using  the  concept  of  effective  cyclic  stress  intensity  factor 
(AK^^^) ,  which  assumes  that  propagation  occurs  only  when  the  crack 

£>r  r 

is  completely  open.  For  a  constant  applied  cyclic  load  (AP) ,  any 
internal  force  system  which  increases  PQp  above  the  minimum  cyclic 
load  would  decrease  AKEFF,  and  thus  decrease  da/dN. 

Two  rectangular  blanks  having  identical  thickness  and 
plan  size  as  the  FCG  specimens  were  removed  from  I/M  material  at 
comparable  locations  to  the  instrumented  FCG  tests,  but  from  the 
opposite  end  of  the  parent  slab,  as  indicated  in  Figure  57.  The 
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redistribution  of  residual  stresses  following  progressive  sawcuts 
simulating  a  growing  crack,  was  determined  from  displacements 
measured  at  the  locations  indicated  in  Figure  60. 

RESULTS 

Residual  Stresses  -  Parent  Slab 

The  X-ray  residual  stress  measurements  made  at  each 
numbered  location  of  the  parent  slab.  Figure  57,  represented  a 
23  factorial  experiment  which  considered  material  (I/M  vs  P/M) , 
state  of  residual  stress  (with  and  without  stress  relief)  and 
stress  orientation  (L  vs  S  or  T) .  The  following  conclusions 
were  determined  from  statistical  analysis  of  the  X-ray  measure¬ 
ments  :  * 

1.  State  of  stres  relief  had  the  largest  effect  on  magnitude 
of  the  residual  stress.  Residual  stress  magnitudes  were 
consistently  larger  in  nonstress-relieved  materials. 

2.  Residual  stress  magnitudes  in  both  the  stress-relieved  and 
nonstress-relieved  materials  were  significantly  different 
from  zero. 

3.  Neither  amain  effect  nor  interaction  effect  of  material 
(I/M  vs  P/M)  on  residual  stress  magnitude  was  detected. 

4.  Residual  stress  magnitudes  were  influenced  by  a  significant 
interaction  between  residual  stress  state  and  stress 
orientation.  The  stress  relief  was  more  effective  at 
reducing  internal  stress  in  the  S  direction  than  it  was 

in  the  L  direction. 

*Main  and  interaction  effects  were  determined  by  the  Yates' 
algorithm. 
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5.  A  main  effect  of  residual  stress  orientation  (i.e.,  non- 
biaxial  residual  stress  state)  was  detectable.  This  trend 
was  smaller  than  that  noted  in  1  and  4  above  and  could  only 
be  confirmed  at  the  80%  confidence  level. 

6.  For  a  comparable  state  of  stress  relief  no  difference  in 
residual  stress  distribution  could  be  detected  between 
location  2  and  location  6,  Figure  57;  i.e.,  nonsymmetry  of 
residual  stresses  was  not  detected  between  the  left  and 
right  hand  portion  of  the  billets. 

7.  No  difference  in  residual  stress  magnitudes  between  locations 
2  and  5,  Figure  57,  was  detected  for  stress-relieved  material. 
However,  differences  were  detected  between  these  two  locations 
in  nonstress-relieved  material?  i.e.,  the  residual  stress 
redistribution  through  the  slab  thickness  was  nonsymmetrical 
in  nonstress-relieved  material. 

The  above  main  and  interaction  effects  of  stress-relief 
state  and  stress  orientation  are  indicated  in  the  comparison  of 
mean  residual  stress  levels  at  selected  locations,  Figure  61. 
Mechanical  Properties 

Short-transverse  tensile  and  fracture  toughness 
properties  of  Phase  III  materials  and  a  comparable  MA87  P/M 
material  from  Reference  3  are  given  in  Table  15.  Valid  fracture 
toughness,  KIc,  numbers  were  established  for  stress -relieved 
materials,  while  results  of  nonstress-relieved  materials  were 
invalid  due  to  excessive  fatigue  precrack  curvature  caused  by  the 
residual  stress  distribution  indicated  in  Figure  62.  The  nonvalid 
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Kq  values,  however,  can  be  used  for  relative  toughness  comparison 
of  nonstress-relieved  material.  Both  notch  yield  ratio  (NTS/YS) 


and  Kq  results,  Table  15,  indicate  higher  toughness  in  P/M  than 
in  I/M  having  comparable  stress-relief  state. 

Fatigue  Crack  Growth 

The  comparison  of  stress-relieved  vs  nonstress-relieved 
FCG  behavior  (da/dN  vs  AK)  is  shown  respectively  for  P/M  and  I/M 
alloys  in  Figures  63  and  64.  Data  from  triplicate  tests  of 
identical  stress-relieved  material  were  in  good  agreement.  For 
identical  applied  AK,  the  FCG  rates  in  nonstress-relieved  material 
were  significantly  slower  than  rates  in  stress-relieved  material, 
particularly  at  low  AK.  In  nonstress-relieved  material  the 
measured  response  depended  upon  sample  location  within  the  parent 
slab,  e.g..  Figure  63,  while  in  stress-relieved  material  sample 
location  was  not  a  factor. 

The  results  of  nonstress-relieved  materials.  Figures 
63  and  64,  indicated  that  significant  internal  stresses  altered 
the  crack  tip  stress  intensity  factor,  thereby  causing  the  dis¬ 
agreement  with  stress-relieved  behavior.  The  recommended  standard 
FCG  test  practice  (ASTM  E647-78T)  assumes  internal  stresses  to  be 
zero,  and  uses  external  loads  only  to  compute  AK.  Hence,  though 
FCG  results  of  nonstress-relieved  materials  are  completely 
accurate  and  valid  according  to  ASTM  practice,*  the  data  should 
not  be  considered  representative  of  the  true  material  behavior. 

*Wi th  exception  of  that  data  where  the  fatigue  crack  grew  out 
of  plane. 
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The  stress-relieved  data  are  more  typical  of  the  FCG 
resistance  of  the  subject  alloys  when  fabricated  by  commercial- 
type  processing  operations.  Comparison  of  stress-relieved 
results.  Figure  65,  indicate  P/M  FCG  resistance  to  be  comparable 
to  I/M  at  the  lowest  AK  established  (^2.5  MPa/m),  slightly 
inferior  to  I/M  at  intermediate  AK,  and  superior  to  I/M  at  high 
AK  because  of  the  improved  toughness. 

Residual  Stresses  in  CT  FCG  Specimens 

The  X-ray  residual  stress  measurements  made  at  the 
indicated  CT  specimen  locations.  Figure  58,  were  analyzed  as  a 
2s  factorial  experiment  of  the  following  variables:  material 
(I/M  vs  P/M) ,  residual  stress  state  (with  and  without  stress 
relief) ,  stress  orientation  (L  vs  S) ,  specimen  origin  from  parent 
material  (T/2  vs  surface*) ,  and  specimen  face-to-face  variation 
(i.e.,  side  A  vs  side  B,  Figure  58).  The  following  conclusions 
were  determined  by  statistical  analysis: 

1.  The  residual  stress  magnitude  in  both  the  stress-relieved 
and  nonstress-relieved  CT  specimens  were  significantly 
different  from  zero. 

2.  The  main  effects  of  residual  stress  state  (stress-relieved 
vs  nonstress-relieved)  and  stress  orientation  had  the 
largest  effect  on  residual  stress  magnitudes.  On  the 
average,  stresses  in  the  S  direction  were  algebraically 

30  MPa  (4.3  ksi)  greater  than  stresses  in  the  L  direction, 

*Only  one  surface  specimen  was  examined  with  sufficient 
replication  to  permit  statistical  comparisons. 
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and  stresses  in  nonstress-relieved  samples  were  algebrai¬ 
cally  25  MPa  (3.6  ksi)  greater  than  stress-relieved 
samples . 

3.  A  significant  second  order  interaction  between  residual 
stress  state  and  stress  orientation  was  detected.  The 
magnitude  of  residual  stress  change  with  stress  relief 
was  generally  greatest  for  stresses  oriented  in  the  S 
direction. 

4.  A  significant  second  order  interaction  between  residual 
stress  state  and  specimen  origin  was  also  detected.  The 
effect  of  sample  location  on  residual  stress  magnitudes 
was  greatest  in  nonstress-relieved  material. 

5.  Residual  stress  varied  as  a  main  effect  with  the  specimen 
face  on  which  the  measurement  was  made.  Typically,  there 
was  about  14  MPa  (2  ksi)  difference  in  indicated  residual 
stress  from  one  specimen  surface  to  the  other. 

6.  Neither  a  main  effect  nor  interaction  effect  of  material 
(I/M  vs  P/M)  on  residual  stress  magnitude  was  detected. 

Table  16  summarizes  average  X-ray  residual  stress 
indications  made  at  selected  locations  on  the  FCG  specimens. 
DISCUSSION 

Residual  stresses  are  produced  during  quenching  by 
deformation  associated  with  shrinkage  during  cooling.  Generally, 
the  first  portion  of  the  sample  to  cool  is  left  in  residual 
compression  and  the  last  portion  to  cool  is  left  in  residual 
tension.  This  is  true  of  the  cylinder  indicated  in  Figure  55 
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where  residual  compression  along  the  outer  surface  is  balanced 
by  a  core  of  residual  tension  at  the  center.  . 

Using  the  above  rationale,  the  principle  of  equilibrium, 
and  the  boundary  condition  that  stresses  normal  to  a  free  surface 
must  be  zero,  the  distribution  of  S  and  L  residual  stresses  in  a 
nonstress-relieved  rectangular  cross  section  would  be  similar  to 
that  illustrated  in  Figure  66.  This  typical  distribution  was 
verified  by  X-ray  measurements  of  the  nonstress-relieved  parent 
materials.  Longitudinal  surface  compression  is  greatest  at 
the  corners,  since  these  locations  are  the  first  to  cool. 

The  full  section  thickness  nonstress-relieved  S-L 
fracture  toughness  samples  demonstrated  that  compressive  S 
stresses  at  the  surface  caused  the  crack  to  grow  slower  than  at 
the  T/2  plane  where  the  S  residual  stress  was  tensile.  Machining 
FCG  specimens  to  a  thickness  of  6.35  mm  (0.25  in.)  sufficiently 
reduced  S  stress  variation  through  the  thickness  such  that 
excessive  crack  front  curvature  was  no  longer  a  problem. 

Residual  stress  in  the  L  direction  had  the  greatest 
effect  on  valid  measurement  of  FCG  resistance  in  nonstress- 
relieved  CT  specimens.  Figure  67  illustrates  that  crack  tip 
compression  results  from  a  clamping  moment  caused  by  the  stress 
unbalance  which  develops  upon  introduction  of  the  crack  starter 
slot.  This  force  system  is  relatively  uniform  through  the 
thickness,  and  therefore,  its  occurrence  cannot  be  detected  by 
excessive  curvature  in  the  propagating  fatigue  crack.  That  is, 
by  failing  to  recognize  this  residual  stress  system,  one  would 
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be  likely  to  interpret  FCG  measurements  as  valid  according  to 
ASTM  Method  E647-78T. 

A  simple  technique  to  determine  whether  a  clamping 
moment  exists  is  to  measure  surface  displacement  before  and  after 
the  introduction  of  the  machined  starter  notch.  For  example, 
following  a  sawcut  simulating  the  crack  starter  slot  in  a  CT 
blank.  Figure  50,  mechanical  gauge  marks  initially  spaced  51  mm 
(2.0  in.)  apart  closed  respectivelv  by  0.18  and  0.20  mm  (0.007 
and  0.008  in.)  in  blanks  removed  from  the  T/2  and  surface  plane 
of  the  parent  nonstress-relieved  T/M  slab.  Comparable  measurements 
made  on  stress-relieved  I/M  blanks  indicated  the  intitial  gauge 
locations  spread  apart  by  0.05  mm  (0.002  in.)  for  both  the  T/2 
and  surface  locations.  The  latter  observation  indicates  that  FCG 
rates  established  in  stress-relieved  specimens  could  actually  be 
greater  than  those  expected  in  residual  stress-free  material, 
because  of  increased  mean  stress  at  the  crack  tip. 

Stress  redistribution  in  a  CT  specimen  following  a  series 
of  sawcuts  to  simulate  a  growing  fatigue  crack  was  measured  by 
strain  gauges  mounted  just  below  the  fracture  plane,  Figure  50. 
Measurements  made  in  nonstress-relieved  material  indicated  signi¬ 
ficant  compression  stress  in  material  at  and  ahead  of  the  propa¬ 
gating  crack  front,  Figure  68.  Crack  propagation  would,  therefore, 
be  retarded  by  the  forces  tendina  to  close  the  crack.  Stresses 
ahead  and  at  the  simulated  crack  tip  in  stress-relieved  material 
were  either  slightly  positive  at  short  crack  length  or  zero  at 
large  crack  length.  Crack  growth  may,  therefore,  be  either 
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accelerated  or  unaffected  by  the  residual  stress  system  present 
in  the  original  stress-relieved  blank. 

Clear  differences  were  observed  in  the  load -COD  traces 
established  in  instrumented  FCG  tests  of  stress -relieved  vs  non¬ 
stress-relieved  samples.  Typical  test  records  for  P/M  and  I/M 
samples  removed  from  the  T/2  plane  are  indicated  in  Figures  69 
and  70,  respectively.  Comparable  test  records  were  reproduced  in 
test  specimens  removed  from  the  surface  plane  of  the  parent  slab. 
For  simplicity,  the  crack  opening  load,  P  ,  was  determined  at 
the  intersection  of  two  traces  which  divide  the  test  record  into 
two  linear  segments.  At  relatively  short  specimen  crack  length, 

P  in  nonstress-relieved  material  was  of  the  order  of  the  maximum 
op 

applied  load,  P  ,  in  tests  of  stress-relieved  material.  This 
L  max 

explains  why  nonstress-relieved  samples  required  Pmax  about  double 

that  in  stress-relieved  samples  to  propagate  a  crack  at  equivalent 

rate  early  in  the  test.  In  nonstress-relieved  samples,  decrease 

in  P  resulted  from  the  stress  relief  which  occurred  with  crack 
op 

extension.  This  explains  the  near  equivalence  of  da/dN  vs  &K 
data  in  stress-relieved  and  nonstress-relieved  samples  at  high 
AK  (long  crack  length) . 

Nonstiess-relieved  FCG  rates  were  corrected  using  the 
effective  AK  concept  of  Figure  60.  The  adjusted  results  from 
nonstress-relieved  material  agreed  very  well  with  data  established 
in  the  stress-relieved  samples,  e.g.,  Figures  71  and  72.  Thus, 
it  is  concluded  that  residual  stresses  were  largely  responsible 
for  the  extremely  low  FCG  rates  observed  in  original  MA87  data 
reported  in  Reference  3. 
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A  finite  crack  opening  load  was  detected  in  stress- 
relieved  I/M  samples,  while  no  opening  load  could  be  detected  in 
P/M  samples  of  comparable  residual  stress  state,  e.g.,  compare 
Figures  69  and  70.  In  I/M  material  the  opening  load  is  most 
likely  attributable  to  closure  forces  produced  by  wedging  action 
of  deformed  material  contacting  on  the  fractures  surface,  as 
demonstrated  by  Elber  (26) .  Macroscopic  fatigue  fracture 
surface  morphology  of  P/M  samples  was  typically  smoother  (flatter) 
that  than  observed  in  I/M  fractures,  e.g.,  Figures  48-51.  Using 
the  Elber  concept,  closure  forces  in  P/M  material  attributed  to 
deformation  in  the  wake  of  the  propagating  crack  would  be  signi¬ 
ficantly  less  in  P/M  than  in  the  I/M  material.  Therefore,  if 
AKEF{7  rather  than  AK  applied  were  applied  to  correlate  growth 
rate,  then  the  FCG  resistance  of  I/M  would  depreciate  relative  to 
that  of  P/M  material.*  In  actual  components  a  significant 
portion  of  the  FCG  life  is  spent  in  the  propagation  of  very  small 
flaws  (27).  Crack  growth.life  of  very  small  cracks  is  better 
correlated  by  AKppp  since  there  is  little  or  no  contact  surface 
to  develop  closure  forces. 

CONCLUSIONS 

PHASE  L 

1.  Changes  in  Co  content  between  0.0  and  0.8%  did  not  signifi¬ 
cantly  affect  tensile  properties  of  Phase  I  hand  forgings  or 
extrusions . 

* '1  lie  magnitude  of  the  change  would  depend  on  R-ratio. 
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2.  Difference  in  forging  sequence,  A-upset  and  draw  vs  ABC 
upset  and  draw,  had  no  effect  on  tensile  properties  of 
Phase  I  hand  forgings. 

3.  Changes  in  temperature-compensated  strain  rate  (Z)  between 
4.3xl0-8  sec-1  and  1.5xl0-12  sec-1  did  not  affect  tensile 
properties  of  Phase  I  extrusions. 

4.  Salt  fog  FCG  resistance  of  Phase  I  hand  forgings  or 
extrusions  in  the  T7X1  temper  was  not  sensitive  to  Co 
variations  from  0.0  to  0.8%  over  the  range  of  aK  studied. 

5.  The  FCG  resistance  of  billets  tested  in  humid  air  was 
significantly  less  than  that  of  hand  forgings  or 
extrusions . 

6.  FCG  rates  for  the  P/M  extrusions  tested  in  salt  fog  were 
slightly  higher  or  in  the  upper  range  of  the  scatterband 
for  7050-T76511  data. 

PHASE  II 

1.  FCG  resistance  of  Phase  II  extrusions  in  humid  air  or  salt 
fog  was  not  significantly  affected  by  the  changes  in  alloy 
chemistry  studied. 

2.  Overaging  the  Phase  II  extrusions  to  a  lower  strength 
T7X2  temper  was  beneficial  to  FCG  resistance  in  both 
humid  air  and  salt  fog. 

3.  Scatter  in  the  data  for  Phase  II  hand  forgings  prevented 

an  unambiguous  conclusion  regarding  alloy  or  temper  effects 
on  FCG  in  these  materials. 
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4. 


The  FCG  rates  of  Phase  II  extrusions  in  the  T7X2  temper 
fell  within  a  scatterband  for  7050-T76511  materials  at 
aK  levels  above  4  MPa/m  (salt  fog)  or  above  6  MPa/fn 
(humid  air) . 

5.  FCG  rates  for  T7X1  extrusions  were  generally  above  or  in 
the  upper  end  of  the  range  of  data  in  the  7050-T76511 
scatterbands . 

6.  At  AK  values  below  4  MPa^m,  FCG  rates  of  all  P/M  materials 
were  higher  than  that  of  the  7050-T76511  material  tested 
in  this  investigation. 

7.  The  FCG  resistance  of  both  P/M  and  I/M  materials  may  be 
explained  on  the  basis  of  plastic  zone  size  relative  to 
the  size  of  the  basic  microstructural  units. 

PHASE  III 

1.  Residual  stresses  were  main]y  responsible  for  the  observed 
slow  FCG  rates  reported  in  Reference  3. 

2.  The  compressive  stress  relief  operation  produced  signifi¬ 
cantly  lower  levels  of  residual  stress  than  found  in  non¬ 
stress-relieved  materials.  However,  measurements  indicated 
that,  even  after  stress  relief,  residual  stresses  were 
still  significantly  different  from  zero. 

3.  Response  of  the  hand  forgings  to  residual  stress  relief  was 
similar  for  both  I/M  and  P/M  materials. 

4.  Crack  closure  concepts  could  be  used  to  correct  nonstress- 
relieved  data  to  account  for  residual  stresses  on  the  basis 
of  effective  AK  levels. 


Though  FCG  data  obtained  in  Phase  III  for  stress-relieved 
materials  are  more  representative  of  commercial  products, 
caution  is  still  warranted  in  the  quantitative  comparison 
of  P/M  and  I/M  data  due  to: 

(1)  differences  in  material  response  to  crack  closure,  and 

(2)  incomplete  stress  relief  in  stress-relieved  hand 
forgings . 
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TABLE  15.  SHORT- TRANSVERSE  MECHANICAL  PROPERTIES  OF  PHASE  III  HAND  FORGINGS 
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Figure  1.  Schematic  diagram  of  21.4  cm  hot  compacting  cylinder. 
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Figure  7.  CCT  specimen  geometry  used  for  Phase  I  and  Phase  II  fatigue  crack 
growth  tests,  L-T  orientation- 
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Figure  10.  Fatigue  crack  growth  data  for  T-L  specimens  from 
Phase  I  A-upset  and  draw  hand  forgings  tested  in 
humid  air. 
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Figure  13.  Optical  micrograph  of  polished  and  etched  atomized 
alloy  CT91  powder  particles. 
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Figure  17.  Optical  microstructure  of  P/M  billet,  S-356455 
blend . 
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Figure  19.  Optical  --restructure  of  0.0  Co  ABC-upset  and  draw 
hand  forging,  S-356452-3T. 

Figure  20.  Optical  microstructure  of  0.4  Co  A-upset  and  draw 
hand  forging,  S-356453-2T  (CT91) . 


Figure  21.  Optical  microstructure  of  0.4  Co  ABC-upset  and  draw 
hand  forging,  3-356453-3?  (CT91). 
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Figure  28.  Optical  microstructure  of  0.8  Co  medium  Z  extrusion 
S-356454-5G. 


Figure  30.  Longitudinal  micrographs  of  Phase  I  high  and  low  Z 
extrusions:  (a)  high  Z,  0.0  Co,  S-356452-4BG, 

<b)  low  Z,  0.0  Co,  S-356452-7G,  (c)  high  Z,  0.4  Co 
S-356453-4AG  (CT91) ,  and  (d)  low  Z,  0.4  Co, 
S-356453-7G  (CT91) . 
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(Continued)  (e)  high  Z,  0.8  Co,  S-356454-4AG 
(f)  low  Z,  0.8  Co,  S-356454-6G ,  (g)  high  Z, 
blend,  S-356455-4AG,  and  (h)  low  Z,  blend, 
S-356455-6G. 
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Rockwell  B  hardness  versus  second-step  aging  time  at  163°C  (325°F)  for  Phase 
II  extrusions.  All  materials  were  aged  initially  for  24  hours  at  121°C  (250°F) 


igure  38.  Electrical  conductivity  versus  second-step  aging  time  at  163°C  (325°F)  for 
Phase  II  extrusions.  All  materials  were  aged  initially  for  24  hours  at 
121°C  (250°F). 
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Figure  39.  Fatigue  crack  growth  data  for  Phase  II  hand  forgings 
tested  in  humid  air. 
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Figure  41. 


Fatigue  crack  growth  data  for  Phase  II  hand  forgings 
tested  in  salt  fog  atmosphere. 
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Figure  44.  Optical  microstructure  of  MA90  A-upset  and  draw 
hand  forging,  S-493705. 


Figure  47.  Optical  microstructure  of  commercially-produced 
7050-T76511  extrusion  used  for  control  in  FCG 
evaluations . 
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Figure  50.  Fractographs  of  P/M  alloy  extrusion  FCG  specimens 

tested  in  salt  fog  atmosphere,  MPa/m:  (a)  and 
(b)  MA88-T7X2,  (c)  and  (d)  MA90-T7X2.  Crack  growth 
direction  is  left  to  right. 
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Figure  51.  Fractographs  of  7050-T76511  extrusion  FCG  specimen 
tested  in  salt  fog  atmosphere,  AK^7  MPav'm:  (a)  low 
magnification,  (b)  higher  magnification  of  similar 
area.  Crack  growth  direction  is  left  to  right. 
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Figure  52.  Schematic  diagram  of  monotonic  plastic  zone  size  (r  )  as  a  function  of  A K 


Figure  53.  Schematic  superposition  of  monotonic  plastic  zones 
and  microstructures  for:  (a)  CT91-T7X1  and  (b) 
7050-T76511,  showing  relative  sizes  of  rp  and 
microstructural  features.  Plastic  zone  sizes 
illustrated  here  from  left  to  right  are  for 
AK  =  3.0,  5.0,  and  10.0  MFa/m. 
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Ofl  /  ON,  MICRO-INo  /  CYCLE 


Figure  54. 


FCG  data  for  short-transverse  specimens  taken  from 
P/M  hand  forgings,  Reference  3. 

(SI  conversion:  1  in. =2. 54  cm,  1  ksi/in.=l.l  MPa/m) 
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RESIDl'AL  STRESS ,  psi 


Figure  55.  Residual  stress  distribution  in  7075  cylinder  quenched 
in  cold  water  spray. 

(SI  conversion:  1  in. =2. 54  cm,  1000  psi=6.894  MPa). 
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Figure  56.  Proposed  explanation  for  observed  effect  of 
specimen  type  on  FCG  rates  established  from 
nonstress-relieved  7XXX  P/M  extruded  rod . 
(SI  conversion:  1  in. =25. 4  mm,  1  ksi/in.= 
1.1  MPa/m) 
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Figure  60.  Location  of  displacement  measurements  in  CT  specimen 
blanks  simulating  FCG  by  progressive  sawcuts. 


&K,  MPa Vm 


Figure  63, 
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Effect  of  stress  relief  on  S-L  FCG  rates  in 
MA87-T7X2  hand  forging:  da/dN  vs  AK  for 
(a)  stress-relieved  and  (b)  nonstress- 
relieved  slabs. 
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Figure  64.  Effect  of  stress  relief  on  S-L  FCG  rates  in 
7XXX-T7X2  hand  forging:  da/dN  vs  AK  for 
(a)  stress-relieved  and  (b)  nonstress- 
relieved  slabs .  i n 


in  a  compact  tension  specimen  for  gauge  loc 
(SI  conversion:  1  in. =25. 4  mmf  1  ksi=6.894 


Figure  68.  (Continued)  (b)  Stress  redistribution  following  sawcuts  to  simulate  a  propagating 
crack  in  a  compact  tension  specimen  for  gauge  location  2,  a  =  31.8  mm  (1.25  in.). 
(SI  conversion:  1  in. =25. 4  mm,  1  ksi=6.894  MPa) 


CT  SPECIMEN:  W=6A  mmj  B=6,4  mm 
FI=l/3,  FREQ. =20  Hz 
DRV  AIR  (R.H.  <10%) 


APPENDIX 


FATIGUE  CRACK  GROWTH  RESULTS  FOR  PHASE  I  MATERIALS 
TESTED  IN  HUMID  AIR 


KILOCYCLES,  KN 

S-356452-1 

Figure  Al.  Crack  length  versus  cycles  lor  0.0  Co  billet  tested  in  humid  air. 


K1L0CYCLES»  KN 

S-356453-1 

Figure  A2.  Crack  length  versus  cycles  for  0.4  Co  billet  tested  in  humid  air 
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KILOCYCLES,  KN 

5-356454-1 

Figure  A3.  Crack  length  versus  cycles  for  0.8  Co  billet  tested  in  humid  air. 
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KILOCYCLES,  KN 

S-356455-1 

Figure  A4 .  Crack  length  versus  cycles  for  blended  powder  billet  tested  in  humid  air 


KILOCYCLES,  KN 

S-356452-2T 

Figure  A5.  Crack  length  versus  cycles  for  0.0  Co  A  hand  forging  tested  in  humid  air. 
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Figure  A7 .  Crack  length  versus  cycles  for  0.4  Co  A  hand  forging  tested  in  humid  air. 


Figure  A9 .  Crack  length  versus  cycles  for  0.8  Co  A  hand  forging  tested  in  humid  air 


Crack  length  versus  cycles  for  0.8  Co  ABC  hand  forging  tested 
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Figure  All.  Crack  length  versus  cycles  for  blended  powder  A  forging  tested 
in  humid  air. 
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Figure  A12.  Crack  length  versus  cycles  for  blended  powder  ABC  forging  tested  in 
humid  air. 
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Figure  A15.  Crack  length  versus  cycles  for  0.0  Co  low  Z  extrusion  tested  in 
humid  air. 


KILOCYCLES i  KN 

S-356453-^AG 

Figure  A16.  Crack  length  versus  cycles  for  0.4  Co  high  Z  extrusion  tested  in 
humid  air. 


KILOCYCLES*  KN 

S-356453-6G 

Figure  A17 •  Crack  length  versus  cycles  for  0.4  Co  medium  Z  extrusion  tested  in 
humid  air. 
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Figure  A19 .  Crack  length  versus  cycles  for  0.8  Co  high  Z  extrusion  tested  in 
humid  air. 


Figure  A20.  Crack  length  versus  cycles  for  0.8  Co  medium  Z  extrusion  tested  in 
humid  air. 
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Figure  A21.  Crack  length  versus  cycles  for  0.8  Co  low  Z  extrusion  tested  in 
humid  air. 


160 


Figure  A23 .  Crack  length  versus  cycles  for  blended  powder  medium  Z  extrusion  tested 
in  humid  air. 
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